Therapeutic stimulation of angiogenesis to re-establish blood flow in ischemic tissues offers great promise as a treatment for patients suffering from cardiovascular disease or trauma. Since angiogenesis is a complex, multi-step process, different signals may need to be delivered at appropriate times in order to promote a robust and mature vasculature. The effects of temporally regulated presentation of proangiogenic and pro-maturation factors were investigated in vitro and in vivo in this study. Proangiogenic factors vascular endothelial growth factor (VEGF) and angiopoietin 2 (Ang2) cooperatively promoted endothelial sprouting and pericyte detachment in a three-dimensional in vitro EC-pericyte coculture model. Pro-maturation factors platelet-derived growth factor B (PDGF) and angiopoietin 1 (Ang1) inhibited the early stages of VEGF-and Ang2-mediated angiogenesis if present simultaneously with VEGF and Ang2, but promoted these behaviors if added subsequently to the pro-angiogenesis factors. VEGF and Ang2 were also found to additively enhance microvessel density in a subcutaneous model of blood vessel formation, while simultaneously administered PDGF/Ang1 inhibited microvessel formation. However, a temporally controlled scaffold that released PDGF and Ang1 at a delay relative to VEGF/Ang2 promoted both vessel maturation and vascular remodeling without inhibiting sprouting angiogenesis. Our results demonstrate the importance of temporal control over signaling in promoting vascular growth, vessel maturation and vascular remodeling. Delivering multiple growth factors in combination and sequence could aid in creating tissue engineered constructs and therapies aimed at promoting healing after acute wounds and in chronic conditions such as diabetic ulcers and peripheral artery disease.
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Introduction
Therapeutic angiogenesis, the promotion of new blood vessel formation to re-establish adequate perfusion in ischemic tissues, offers great promise as a treatment for patients suffering from cardiovascular disease and acute injuries [1e3] . Many recent strategies have concentrated on delivering single factors involved in the initial stages of blood vessel formation, such as vascular endothelial growth factor (VEGF) [4, 5] . However, blood vessels that sprout during the initial stages of angiogenesis must be stabilized in order to prevent regression and promote maturation of the nascent microvascular network into therapeutically functional vasculature [6, 7] . Despite significant progress [8] , promoting a robust angiogenic response and creating mature vasculature remain goals of vascular medicine and, more broadly, of regenerative medicine and tissue engineering.
Sprouting angiogenesis is a remodeling process in which blood vessels form via sprouting from pre-existing vessels. This normal, physiological event occurs in the embryo during development as well as in adults during wound healing, reproductive cycling, and inflammation. In response to physiologic stress due to injury, ischemic tissues secrete signaling factors, which (1) activate endothelial cells (EC) and pericytes to degrade the mural wall as well as cause pericyte detachment from the endothelium; (2) promote sprouting of endothelial cells toward ischemic areas guided by growth factor gradients; (3) lead to the anastomosis of immature endothelial sprouts to form immature vasculature and (4) guide the maturation of vessels through recruitment of mural cells and deposition of extracellular matrix around the now maturing blood vessels (Fig. 1) . The complex, multi-step nature of this process suggests that the presentation of multiple signals at appropriate times is necessary to promote a robust, mature, and functional blood vessel network [7, 9, 10] .
Previous studies have taken advantage of in vitro models of early angiogenesis to study the mechanisms of angiogenesis, and as a tool to predict the efficacy of therapeutic intervention [11] . These models generally involve culture of ECs under conditions that promote EC sprouting or tubule formation on 2D surfaces or inside of 3D matrices. These models have illuminated the roles of pro-angiogenic factors [4,5,12e16] and angiogenesis inhibitors [17, 18] as well as other angiogenesis-related signaling pathways [13, 19] . However, in vitro models rarely include mural cells and those that do [20, 21] generally do not take into account mural cell behavior and their response to therapeutic growth factors. In addition to inhibiting the angiogenic response of endothelial cells [22, 23] , pericytes are suggested to control vessel contractility, tone and diameter [23e27] and to secrete factors necessary for endothelial survival and proliferation [28, 29] . Pericytes and endothelial cells act as a functional and physical unit through the establishment of cellecell heterotypic contacts, and synthesis and secretion of growth factors that promote their mutual survival [29e31] .
Multiple factors that promote the initial and maturation phases of angiogenesis have been identified, and the co-administration of both types of factors enhances blood vessel regeneration [32e37]. VEGF is a potent mitogen for endothelial cells and initiates their sprouting and proliferation to form new, immature vessel sprouts [38, 39] . While VEGF can initiate angiogenesis, additional factors are required to promote vessel maturation [34, 40, 41] . Platelet-derived growth factor B (PDGF) encourages maturation of the nascent vessels by activating and recruiting pericytes and smooth muscle cells that associate with endothelial sprouts, stabilizing them, and preventing regression [42e45] . The angiopoietins, -1 (Ang1) and -2 (Ang2), have opposing functions and compete for the same Tie-2 receptor [46] . Ang1 is a stabilizing factor that strengthens the interactions between pericytes/smooth muscle cells and ECs. In contrast, Ang2 weakens those same interactions, destabilizing blood vessels [46e48]. Importantly, factors that promote later stages of vascularization have been demonstrated to inhibit the early angiogenic stage. Specifically, PDGF inhibits VEGFmediated angiogenesis in matrigel plugs and in chorioallantoic membranes, and inhibits VEGF-mediated pericyte migration in vitro [49] . The pro-maturation factor Ang1 serves to antagonize the interaction of the pro-angiogenesis factor Ang2 and its cognate receptor, Tie-2 [48] .
The need to sustain angiogenic factor signaling for extended periods of time has motivated the development of a number of polymer systems that provide a sustained and localized release of VEGF and other factors [50e56] . These systems have demonstrated significant enhancement in the extent of angiogenesis, as compared to those utilizing bolus factor delivery, and improved function of the new vasculature in a number of different animal models and wound types [1, 5, 13] . Further, polymer systems that provide sustained and temporally controlled release of pro-angiogenic and pro-maturation growth factors [15, 36, 40, 57, 58] have been demonstrated. In particular, polymeric scaffolds capable of delivering VEGF and PFGF with distinct kinetics from a single, structural polymer scaffold led to a substantial increase in both vascular density and vessel maturation [12, 15, 36] .
This report addresses the hypothesis that proper temporal presentation of Ang1 and Ang2 can enhance VEGF-mediated vascular network growth and PDGF-mediated vessel maturation to collectively improve vascularization. The administration of Ang2 during the early stages of angiogenesis was anticipated to enhance angiogenesis by destabilizing existing vessels and promoting endothelial sprouting. Release of Ang1 was anticipated to improve vessel maturation by stabilizing newly formed vessels via enhanced EC-pericyte cell adhesion and antagonizing Ang2 activity. The effects of these factors in combination with VEGF and PDGF were first studied in an in vitro system, capable of capturing both angiogenic sprouting and pericyte detachment, two indicators of early angiogenesis. In vitro insights were then applied to a mouse in vivo model of vascularization and vessel maturation using a macroporous polymer system designed to ensure the sustained and localized release of multiple growth factors with temporal control [36, 58] .
Materials and methods

Cell culture
Pooled Human Umbilical Vascular Endothelial Cells (HUVECs) (Lonza CC-2519) (passage 3) were used for all experiments and cultured in 2% FBS EGM-2 (Lonza, CC-3162). Newborn, placental pericytes (Promocell C-12980) were grown in 2% FBS Pericyte Medium (ScienCell 1201) and used at passage 6. Fig. 1 . Model of select growth factor signaling during angiogenesis. (A) Ischemic tissues (yellow) release pro-angiogenic factors such as VEGF and Ang2, creating growth factor gradients that signal blood vessels to increase capacity. (B) Pro-angiogenic factor signaling destabilizes EC-pericyte interactions, promoting pericyte detachment from the endothelium and EC sprouting away from existing vessels. (C) As sprouts grow and penetrate hypoxic tissues, they release PDGF, which activates and recruits pericytes from surrounding tissue and progenitor cells from the blood stream to nascent vessels. (D) Pericyte-derived Ang1 antagonizes the Ang2 receptor (Tie2) and serves as a stabilizing factor that strengthens pericyte-EC interactions and promotes vessel maturation and lumen formation (E). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Animal experiment
All animal work was performed in compliance with NIH and institutional guidelines. C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, Maine). Other supplies were obtained from Sigma (St. Louis, MO).
Sprouting assay/pericyte detachment assay
HUVECs (passage 3) were incubated with octadecyl rhodamine B chloride, (R18, Molecular Probes O-246) at a concentration of 1 ug/ml for 1e3 h. Pericytes (passage 6) were incubated with 1uM CMFDA (Invitrogen C7025) for 1e3 h. Cells were trypsinized prior to seeding onto microcarriers.
Cytodex 3 microcarriers (Amersham Biosciences, Piscataway, NJ, USA) were hydrated in PBS at room temperature (0.2 mL/mg of dry Cytodex 3) and after 3 h, the supernatant was decanted and replaced with fresh PBS followed by sterilization by autoclaving. HUVECs (passage 3) (1-2e6 cells) and pericytes (1e200,000 cells) in EGM-2 were combined with 50 mg of microcarriers at a 10:1 (cell/microcarrier) ratio in a spinner vessel (Bellco Glass Inc., Vineland, NJ, USA) and subjected to repeated stirring (2 min) and no stirring (28 min) cycles. After 3 h, microcarriers with cells transferred to tissue culture T25 flasks, and cultured for 1e2 days on an orbital shaker. To perform the sprouting assay, 250 uL bead solution containing cell-seeded beads (450 beads/mL) in suspension, fibrinogen (EMD 341576, 2.72 mg/mL), and aprotinin (Sigma #A4528, 34.1 ug/mL) was mixed with 200 uL thrombin solution containing thrombin (Sigma #T4265, 2.1 U/mL) and incubated at 37 C for 20 min, allowing gel formation. Cultures were fed every day with 0.8 mL of EGM-2 without BlueKit growth factors, or EGM-2 without BlueKit factors, but containing VEGF, Ang2, Ang1 or PDGF at stated concentrations. For in vitro studies vascular endothelial growth factor (rhVEGF, R&D 293-VE) and platelet-derived growth factor-BB (PDGF-BB, R&D 220-8B) were used, angiopoietin 1 (ANG1) and angiopoietin 2 were provided by R&D (R&D 923-AN/CF and 623-AN/CF, respectively). After three days (Fig. 2 ) or five days (Fig. 3 ) gels were washed twice with PBS, and incubated with 4% formaldehyde overnight at 4 C. The formaldehyde solution was then aspirated and the gels were washed twice with PBS and stained with Hoechst solution (1ug/mL). Sprouts or migrated pericytes were quantified on a fluorescence microscope (>100 beads analyzed per condition). A sprout was defined as an elongated structure extending from the bead with the participation of two or more endothelial cells. A detached pericyte was defined as one whose CMFDA-labeled cytoplasmic signal did not overlap with endothelial R18 signal.
Microspheres and scaffold preparation
Microspheres (particle size 5e50 mm) were fabricated using 75:25 PLG (Resomer RG755 (intrinsic viscosity ¼ 0.59 L/g, MW 63 kDa) Boehringer Ingelheim; Petersburg, VA), and were formed to incorporate 0.75 mg/mg of either Human PlateletDerived Growth Factor (rhPDGF) (Pepro Tech; Rocky Hill, NJ) or Recombinant Human Angiopoeitin-1 (rhAng-1) (R&D Systems; Minneapolis, MN), using a double emulsion (water/oil/water) process as previously described [36] .
Scaffolds were prepared from particulate PLG and PLG microspheres using a gas foaming/particulate leaching process as previously described [36] . Scaffolds were fabricated from a mixture of particulate PLG (85:15, ground to an average diameter of 125 mm, AEVEGF, PDGF, Ang1, and/or Ang2, 3 mg final loading of each growth factor per implanted scaffold) and 30% of total polymer mass of PLG microspheres (AEPDGF and/or Ang1, 3 mg growth factor total loaded per implanted scaffold). The mixture of polymer in the form of particles and microspheres was combined with NaCl particles (diameter 250e425 mm) and a 1% (w/v) alginate solution. This mixture was lyophilized and pressed into a pellet using a Carver Press. The scaffolds were placed under high pressure CO 2 gas and allowed to equilibrate. The pressure was rapidly returned to ambient conditions leading to a thermodynamic instability and causing the polymer, whether in the form of particulate or microspheres, to foam and create an interconnected structure around the NaCl. Both types of particles foam and fuse together to create the scaffold, and no distinct particles or microspheres are present in the scaffolds after this processing. The NaCl was leached in a CaCl 2 solution to create a macroporous structure, while mediating gelation of alginate. Scaffolds were prepared 13 mm in diameter and 3 mm thick (40 mg total polymer and 760 mg NaCl) and divided into quarters for subcutaneous implants.
Vessel formation
For in vivo studies vascular endothelial growth factor (VEGF) was provided by the National Cancer Institute (NCI) Biological Resources Branch (Frederick, MD), PDGF-BB was obtained from Pepro Tech Incorporated, angiopoietin 1 (Ang1) and angiopoietin 2 (Ang2) from R&D (R&D 923-AN/CF and 623-AN/CF, respectively).
Scaffolds containing no growth factor and various combinations of factors were subcutaneously implanted in C57Bl/6J mice (n ¼ 3 per animal per condition), as previously described [36, 58] . Scaffolds were retrieved from subcutaneous pockets after two weeks, fixed in formalin, and stored in ethanol. Tissues were embedded in paraffin, sectioned (w5 mm thick), and placed on glass slides at the histology core in the School of Dentistry at the University of Michigan. The sections were stained for CD31 (antigen found on endothelial cells) at the University of Michigan Cancer Center Histology Core, to identify blood vessels as previously described [36, 58] . The density of blood vessels was determined as previously described [36, 58] . In brief, CD31 stained sections were viewed at 200Â magnification using a light microscope (Nikon; Indianapolis, IN). Blood vessels in three different tissue samples from each condition (n ¼ 3 per condition) were manually counted. The matrix area was determined using Image Pro Plus software to calculate blood vessel density from the number and area measurements. These sections were also analyzed to determine blood vessel size distribution. For each condition, 4e8 images and at least 50 vessels were measured and the area of these vessels was determined using Image Pro Plus software.
Histological sections were also stained for a-smooth muscle actin (a-SMA) (marker found on pericytes and smooth muscle cells associating with endothelial cells) to identify the number of blood vessels that contained interacting mural cells, as a measure of vessel maturation. In brief, a-SMA stained sections were viewed at 200Â magnification using a light microscope (Nikon; Indianapolis, IN). Blood vessels in three different tissue samples from each condition (n ¼ 3 per condition) were manually counted, and the percentage that had associated smooth muscle cells calculated.
Statistical analysis
Statistical analysis was performed by Student's T-tests (two-tail comparisons) and statistically significant differences were defined as p < 0.05. Values in graphs are expressed as averages with standard error from the mean.
Results
Impact of growth factor presentation on endothelial sprouting and pericyte detachment in vitro
A three-dimensional in vitro model of angiogenesis was first developing by co-culturing endothelial cells and pericytes in a 3D fibrin gel, and pericyte detachment and endothelial sprouting were quantified as a function of factor stimulation ( Fig. 2A) . EC-seeded microcarriers with and without pericytes were incubated in fibrin gels with growth factors for 3 days (Fig. 2B) . VEGF (50 ng/mL) and Ang2 (250 ng/mL) significantly promoted endothelial sprouting from microcarriers, as compared to the control, and VEGF and Ang2-promotion of sprouting was additive when added in combination (Fig. 2C) . The influence of pro-maturation factors in this model was assayed by the addition of PDGF or Ang1 to culture medium. While PDGF (50 ng/mL) did not significantly inhibit VEGFmediated EC sprouting, Ang1 (250 ng/mL) completely abolished Ang2-mediated EC sprouting (Fig. 2C) . The presence of pericytes in co-culture with ECs generally had an inhibitory effect on EC sprouting (Fig. 2C, red vs. blue bars) . The inhibitory effect of pericytes was particularly striking under Ang2-induced endothelial sprouting (Fig. 2C, Ang2) , where pericytes reduced endothelial sprouting by 70%.
Co-culture of pericytes in contact with ECs in the threedimensional model of EC sprouting allowed the study of pericyte detachment in response to different growth factors, as a model of pericyte detachment from blood vessels in the early stages of angiogenesis. Both VEGF and Ang2 promoted pericyte detachment away from EC-covered beads, and the combination of VEGF and Ang2 had an additive effect (Fig. 2D) . The addition of PDGF inhibited VEGF-mediated pericyte detachment (Fig. 2D) , while Ang1 did not have an effect on the modest level of pericyte detachment promoted by Ang2 (Fig. 2D) .
In view of the observation that PDGF and Ang1 interfered with the action of VEGF and Ang2 to promote early angiogenesis, endothelial sprouting and pericyte migration were next assessed as the time-frame over which GFs were presented was varied. Due to their additive roles in early angiogenesis, VEGF and Ang2 were always used in combination in these studies. Similarly PDGF and Ang1 were combined because of their known functions in latestage vessel maturation. Five different growth factor regiments of VEGF/Ang2 and PDGF/Ang1 were studied over five days (Fig. 3A) , and the total dose of each factor was maintained constant over all conditions (excepting the no factor condition). Very little EC sprouting was observed in the absence of exogenous growth factors, as expected (Fig. 3B) . The presentation of all growth factors regardless of the temporal profile of their presentation led to significantly more EC sprouting and pericyte detachment than the blank control (conditions 2e5). Early exposure to high initial concentrations of VEGF/Ang2 that decreased over time, combined with increasing concentrations of PDGF/Ang1 (condition 3) led to significantly enhanced endothelial sprouting compared to conditions in which the four factor concentrations increased over time (condition 2), all four factors had constant concentrations (condition 4), or the four factors decreased over time (condition 5, Fig. 3B ).
Pericyte detachment was also assessed with temporal control over GF presentation in the culture medium under the same conditions (Fig. 3C) . Very little pericyte detachment was observed in the condition without exogenous growth factors, as expected (condition 1). Initial low concentrations of PDGF/Ang1 led to the greatest extent of pericyte detachment away from endothelium, whether coupled with increasing (condition 2) or decreasing (condition 3) VEGF/Ang2 concentrations. A constant concentration of VEGF/Ang2 and PDGF/Ang1 (condition 4) or high initial concentrations of both (condition 5) led to less pericyte detachment, as compared to conditions with initially low concentrations of PDGF and Ang1.
These results suggest that a delayed presentation of promaturation factors act cooperatively to increase the effects of early presentation of pro-angiogenic factors, and that growth factor formulations supplying an early burst of pro-angiogenic factors and delayed release of pro-maturation factors may have an improved ability to stimulate angiogenesis in vivo.
Effect of temporal control over growth factor presentation on vascularization in vivo
As the in vitro results suggest that a delayed presentation of pro-maturation factors act cooperatively to increase the effects of early presentation of pro-angiogenic factors, blood vessel formation in response to the four growth factors (VEGF, PDGF, Ang1 and Ang2) was next assessed in vivo in a subcutaneous implant model in mice. A macroporous polymer system with kinetic control over growth factor release [36, 58] was used to allow for Fig. 2 . Schematic (A) and microscopy (B) images of R18-labeled endothelial cell (red) sprouting and CMFDA-labeled pericyte (blue) detachment from microcarriers in response to growth factor signals. (C) Endothelial cell sprouting from microcarriers over three days with EC (red bars) or EC/pericytes (blue bars) cultures in fibrin in response to VEGF (50 ng/ mL), Ang2 (250 ng/mL), combined VEGF (50 ng/mL) and Ang2 (250 ng/mL, VA2), combined VEGF and PDGF (both 50 ng/mL, VP) or combined Ang2 and Ang1 (both 250 ng/mL, Ang1). (D) Pericyte migration away from endothelium on microcarriers with EC/pericyte co-cultures in response to conditions specified in C. *Statistically significant relative to no GF control; ystatistically significant relative to VEGF; zstatistically significant relative to Ang2; **statistically significant between presence and absence of pericytes; ns: not significant by Student's T-test. Data represent mean and S.E.M. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) sustained and localized release of the four growth factors of interests. Scaffolds were fabricated that rapidly release VEGF (3 mg), Ang2 (3 mg), PDGF (3 mg), and/or Ang1 (3 mg) or alternatively, that combine rapid release of VEGF/Ang2 with a delayed release of PDGF/Ang1.
The blood vessel density in scaffolds implanted in the subcutaneous tissue of C57Bl6 mice was analyzed at two weeks (Fig. 4A) . Both VEGF and Ang2 alone increased the density of blood vessels, and their combined delivery resulted in a more pronounced, roughly additive, effect relative to blank scaffolds (Fig. 4B) . To determine whether combining delivery of PDGF and Ang1 with VEGF and Ang2 would further affect vascularization, an experiment with scaffolds also releasing these factors was performed. Simultaneous release of all four factors, Ang1/PDGF and VEGF/Ang2 decreased blood vessel density as compared to release of VEGF/ Ang2 only (All vs. VA2). In contrast, scaffolds that rapidly released VEGF/Ang2 followed by delayed release of PDGF and Ang1 did not inhibit blood vessel formation in a statistically significant way, compared to delivery of VEGF/Ang2 only (Fig. 4B, VA2 vs. VA2 þ PA1).
The maturity of blood vessels formed in response to VEGF/Ang2 administration alone or with VEGF/Ang2 followed by PDGF, Ang1, or simultaneous delivery of PDGF and Ang1 was next analyzed. Scaffolds that rapidly released VEGF and Ang2 and slowly released PDGF, Ang1, or both molecules were implanted subcutaneously in C57Bl/6J mice. Vessel maturity was measured by the presence of a-SMA-positive mural (pericytes/smooth muscle) cells associated with vessels [59] (Fig. 5A) . Scaffolds rapidly releasing VEGF/Ang2 did not significantly increase the percentage of vessels associated with mural cells, as compared to blank scaffolds (Fig. 5B) . Scaffolds presenting Ang1 or PDGF sequentially after VEGF/Ang2 presentation had a significantly higher percentage of vessels with associated Fig. 3 . Early angiogenic responses to temporally regulated growth factor presentation. A: EC/pericyte co-cultured on microcarriers in fibrin gels were subjected to different growth factor conditions over five days. B: Quantification of endothelial cell sprouting and C: quantification pericyte detachment from the endothelium in response to growth factor conditions in A. *Statistically significant relative to condition 1; ystatistically significant relative to condition 3; **statistically significant relative to condition 2 by Student's T-test. Data represent mean and S.E.M. mural cells relative to blank controls or scaffolds presenting VEGF/ Ang2 only. Scaffolds releasing a combination of VEGF/Ang2 with later release of PDGF and Ang1 led to higher mural cell association, as compared to scaffolds presenting Ang1 alone after VEGF/Ang2, but a similar maturation relative to scaffolds releasing PDGF after VEGF/Ang2 (Fig. 5B) .
The changes in blood vessel size distribution over two weeks were also measured as a metric of vascular remodeling (Fig. 5C ). Rapid release of VEGF/Ang2 with delayed release of either PDGF or Ang1, or their combination, resulted in increased vessel size, as compared to the control condition at two weeks (Fig. 5C) . At four weeks, scaffolds releasing both PDGF and Ang1 after rapid release Photomicrographs of hematoxylin and CD31 stained section of scaffolds and (B) quantification of microvessel density in PLG scaffolds subcutaneously implanted in mice for two weeks. Scaffolds (n ¼ 3) containing no growth factors (no GFs), rapidly releasing VEGF, Ang2, VEGF and Ang2 simultaneously (VA2), VEGF, Ang2, PDGF and Ang1 all simultaneously (all GF), or rapidly releasing VEGF and Ang2 followed by delayed release of PDGF and Ang1 (VA2þPA1). Data represent mean and S.E.M. *Statistically significant relative to no GFs; ystatistically significant relative to all GFs; ns: not significant by Student's T-test. Scale bar: 100 mm.
of VEGF/Ang2 resulted in larger vessels, as compared to either blank scaffolds or scaffolds with delayed release of Ang1 or PDGF alone after VEGF/Ang2.
Discussion
The results of this study demonstrate that sequential presentation of multiple pro-angiogenic and pro-maturation factors promotes angiogenic responses and increases vascular maturation and remodeling. The pro-angiogenic factors VEGF and Ang2 additively promoted early angiogenesis through increasing endothelial sprouting and pericyte detachment. While pro-maturation factors PDGF and Ang1 inhibited these early stages of VEGF-and Ang2-mediated angiogenesis if present too early, the two factors independently promoted vessel maturation if released sequentially after VEGF and Ang2 administration. PDGF and Ang1 in combination further promoted vascular remodeling. Taken together, these results suggest that proper temporal delivery of these factors will C: Cross-sectional area of vessels formed by rapid delivery of VEGF/Ang2 (VA2) followed by delayed release of PDGF (P), Ang1 (A1), or both (PA1) at two and four weeks. Values represent mean and S.E.M. *, y, **Denote p < 0.05 relative to blank, VA2, and VA2þA1, respectively by Student's T-test. Scale bar ¼ 100 mm. improve therapeutic interventions, in which both a robust initial angiogenic response and a subsequent mature vasculature is desired.
VEGF and Ang2 alone and in combination increased angiogenesis in vitro and in vivo in an additive manner. Previous work has shown that EC sprouting is supported by an early burst of VEGF [5] . VEGF, with its ability to initiate EC proliferation and sprouting, and Ang2, with its ability to weaken the vessel-stabilizing interactions between ECs, and between pericytes and ECs [60, 61] have key, but different, roles in angiogenesis. Additive effects between VEGF and Ang2 have been reported in several previous studies of cancer progression and angiogenesis [16, 62] , with the prevailing view suggesting that Ang2 enhances VEGF-mediated angiogenesis, but causes sprout regression when delivered alone. However, in both the in vitro and in vivo models of this study, Ang2 alone significantly increased endothelial sprouting and microvessel formation, suggesting that either Ang2 alone can stimulate angiogenesis or that endogenously derived VEGF is sufficient to provide the necessary stimuli. Interestingly, Ang2 had significantly less effect in HUVECpericyte co-cultures. This variable impact of Ang2 may stem from the secretion of Ang1 by pericytes [63, 64] . This possibility is supported by the observation that addition of exogenous Ang1 to both HUVEC and pericyte-HUVEC in vitro models completely abrogated the effects of Ang2 (Fig. 2C) . The significant reduction in EC sprouting when co-cultured with pericyte cells in vitro (Fig. 2C) recapitulates one suggested role for pericytes as inhibitors of EC sprouting and migration [22, 23, 28] . Increased pericyte migration away from endothelium over five days (Fig. 3C ) as compared to three days (Fig. 2C ) in culture could suggest a diminished effect on EC sprouting over time. However, much work remains to be done in order to understand the precise role of pericytes in this co-culture system and their effects on cellecell contacts, secretion and degradation of extracellular matrix and paracrine growth factor signaling.
The pro-maturation factors PDGF and Ang1 demonstrated a dual role in in vitro and in vivo angiogenesis. The simultaneous delivery of PDGF and Ang1 with VEGF and Ang2 retarded nascent vessel formation and inhibited pericyte detachment. This suppression of early angiogenesis is likely due to the specific roles of these two factors. In vitro, Ang1 inhibited Ang2-mediated endothelial sprouting (Fig. 2C ), in agreement with previous work suggesting that Ang2 antagonizes the Ang1 receptor Tie-2 [61] . Additionally, PDGF inhibited VEGF-mediated pericyte detachment from the endothelium-like EC monolayer in vitro (Fig. 2D) , also in agreement with previous studies [49] . A temporally regulated regime in which EC-pericyte co-cultures were exposed to an early burst of VEGF and Ang2 and a delayed exposure to PDGF and Ang1 provided the best conditions for endothelial sprouting and pericyte detachment.
Rapid release of a combination of VEGF and Ang2, followed by the delayed release of PDGF and Ang1 in vivo dramatically altered local vascularization by both initiating vessel formation and promoting maturation through mural cell association and vessel remodeling. PDGF activates mural cells in the microenvironment and promotes their interaction with nascent vessels, as evident from the increase in the percentage of vessels positively stained for a-SMA in PDGF-releasing scaffolds, as compared to scaffolds delivering no growth factors or those delivering only VEGF and Ang2 (Fig. 5B) . Delivery of Ang1 singly after VEGF/Ang2 also enhanced recruitment of mural cells, though to a lesser degree than PDGF. Ang1 proved important in promoting vascular remodeling as reflected by vessel size at 4 weeks (Fig. 5C ). Ang1 potentially plays a role in remodeling newly forming vessels to more highly ordered structures [65] , thus generating larger diameter vessels that are critical in restoring tissue perfusion and preventing necrosis in an ischemic environment. Future work will be required to further characterize the maturation of the vasculature through measures of perfusion, microCT analysis of vascular architecture and/or an assessment of vascular permeability. Altogether, these observations suggest that reciprocal interactions between Ang1 and PDGF stimulate blood vessel maturation.
Conclusion
In summary, the approach taken in this study recognizes that the angiogenic cascade is a complex process with different growth factors functioning at different times in a concerted manner to drive blood vessel formation. The use of polymeric scaffolds capable of combined and sequential release of multiple growth factors moves the field closer to simulating and augmenting native repair conditions. This multi-factor and time-controlled response may aid in the creation of functional vasculature in tissueengineered constructs, and promote healing after acute wounds and in chronic conditions such as diabetic ulcers and peripheral artery disease.
